ABSTRACT: Legg-Calv e-Perthes disease (LCPD) and slipped capital femoral epiphysis (SCFE) are two common pediatric hip disorders that affect the 3-dimensional shape and function of the proximal femur. This study applied the principles of continuum mechanics to statistical shape modeling (SSM) and determined 3-D metrics for the evaluation of shape deformations in normal growth, LCPD, and SCFE. CT scans were obtained from 32 patients with asymptomatic, LCPD, and SCFE hips ((0.5-0.9 mm) 2 in-plane resolution, 0.63 mm slice thickness). SSM was performed on segmented proximal femoral surfaces, and shape deformations were described by surface displacement, strain, and growth plate angle metrics. Asymptomatic normal femurs underwent coordinated, growth-associated surface displacements and anisotropic strains that were site-specific and highest at the greater trochanter. After size-and agebased shape adjustment, LCPD femurs exhibited large displacements and surface strains in the femoral head and neck, with associated changes in femoral head growth plate angles. Mild SCFE femurs had contracted femoral neck surfaces, and surface displacements in all regions tended to increase with severity of slip. The results of this paper provide new 3-D metrics for characterizing the shape and biomechanics of the proximal femur. Statement of Clinical Significance: Quantitative 3-D metrics of shape may be useful for understanding and monitoring disease progression, identifying target regions for shape modulation therapies, and objectively evaluating the success of such therapies. ß
The growth and maintenance of hip shape is vital to the proper function of the lower limb, as abnormalities in shape have been associated with an increased risk of early osteoarthritis not only in the hip, 1,2 but also in the knee. 3 In the hip joint, two common pediatric disorders that result in altered proximal femoral morphology are Legg-Calv e-Perthes disease (LCPD) and slipped capital femoral epiphysis (SCFE), [4] [5] [6] which have an incidence of 5.5 and 10.8 cases per 100,000 children in North America, respectively. 7, 8 These diseases have been studied extensively, but treatment regimens remain controversial, depending on age of disease onset, stage of disease, and other factors. [9] [10] [11] Nonsurgical containment strategies such as bracing may be used to slow deformations of the hip shape until it stabilizes. Surgical treatments for these skeletal deformities include in situ pinning for stabilization, osteochondroplasty for re-establishing normal contours of the femoral head, trochanteric advancement with neck lengthening, or osteotomy for the correction of chronic deformity. 6, 7, 12, 13 Current dilemmas include achieving a spherical femoral head and managing the risk of early hip osteoarthritis based on residual shape deformities post-treatment. [9] [10] [11] [12] The shape and size of the growing proximal femur is in part driven by the coordinated development of the three regional growth plates (GPs) located at the femoral head, femoral neck, and greater trochanter. Femur lengthening at the proximal epiphysis along the shaft axis is achieved through growth of the femoral head GP in the supero-medial direction, balanced by growth of the greater trochanteric GP and femoral neck isthmus in the supero-lateral direction. 14 While development of the femoral head has been well-studied using x-rays and other techniques, [15] [16] [17] [18] the greater trochanteric GP and the coordinated shape development of the bony surface are less well characterized. Quantifying the orientation of these GPs is important for understanding growth and shape development in pediatric hips.
Quantifying shape changes in the pediatric hip is especially complex due to the growth-related changes occurring simultaneously with disease manifestations (e.g., necrosis, physeal fracture), both of which alter the biomechanics of the joint. While clinical studies and animal models have qualitatively described the natural shape progression in LCPD and SCFE and quantified gross shape deformities, [19] [20] [21] [22] there is a paucity of data on the 3-dimensional (3-D) extent and location of that shape variability, as well as how it compares to the normal femur. Studies have shown that 2-dimensional (2-D) measurements from plain radiographs are highly dependent on x-ray projection and image quality, and may not be sufficient for the planning of surgical treatments. 21 Quantitative 3-D maps of the bony shape deformations are crucial to advance the understanding of joint development and disease, accurately identify targets for treatment, and objectively evaluate the success of shape modulation therapies. One reason for the lack of 3-D data is the radiation dosage concern over longitudinal CT imaging of pediatric patients. MR imaging is an alternative, but typically has lower resolution and is not ideal for quantitative, bone shape analysis. Even with longitudinal imaging in pediatric patients, it is challenging to identify the shape changes due to disease separate from the concurrent changes due to normal growth.
More difficult yet is the in vivo evaluation of surface strains on the hip that relate to the biomechanical loads applied over the course of skeletal maturity. 23, 24 Thus, the understanding of growth and disease in the pediatric population remains limited by the availability of techniques to quantify shape and deformations.
One approach to address this need for analysis of skeletal deformation during growth is statistical shape modeling (SSM). SSM has traditionally been used to find corresponding landmarks between a set of shapes and parameterize differences in shape via a limited number of modes of variation. 25 This technique has been used to quantify differences between normal and diseased shapes, 3, [26] [27] [28] [29] as well as characterize growth deformations of the knee. 30 Previously, the authors conducted a study in which a SSM model was created for asymptomatic, LCPD, and SCFE patients. That study showed that statistical shape parameters described coordinated, regional shape deformations that correlated with certain traditional 2-D measurements. 26 One limitation of previous studies is that modes of variation can be difficult to interpret and apply in a clinical setting. This paper takes advantage of the corresponding landmarks established with SSM to calculate 3-D metrics that are relevant to the biomechanics during development. While SSM has previously been used to parameterize the shape of joints, it has never been used as a tool to evaluate and map the growth deformations of joints. The mapping of individual locations between structures undergoing deformation is the foundation for continuum mechanics. 31 As bones grow in size from a reference configuration to a present configuration, two distinct points on the reference configuration move further apart and are located at a greater distance apart in the present configuration, allowing deformations and strains to be defined per an adaptation of classical mechanics. 32, 33 Analogously, the shape transformations between two objects representing the same structure 34 can be analyzed in terms of biomechanical deformations and strains, provided that corresponding locations can be identified on those objects. Based on the corresponding landmarks between shapes defined by SSM, deformations during normal growth can be objectively quantified. In addition, shapes can be normalized to age-related changes using the SSM modes of variation such that deformations due to disease can be studied in isolation.
In this study, the authors applied the principles of continuum mechanics to the SSM technique to evaluate shape deformations in growth and disease. The hypothesis of this study was that site-specific deformations of the diseased (SCFE and LCPD) proximal femur from the normal, asymptomatic shape can be distinguished and elucidated by 3-D metrics of displacements and strains of the proximal femoral bone surface as well as orientations of the GPs. The aims of the study were to (i) advance the understanding of proximal femur shape during normal growth and (ii) quantifying abnormal displacements and strains of LCPD and SCFE relative to the asymptomatic femur. 3-D maps of deformations and strains provide a foundation for understanding the pathogenesis and extent of proximal femoral shape deformities, elucidating the biomechanical loads within the developing joint, and developing novel surgical and biological treatments for pediatric hip disorders.
METHODS

Patients and Statistical Shape Model (SSM)
This study was performed with Institutional Review Board approval and informed consent from all patients. Patient demographics and the original statistical shape model are described in detail elsewhere 26 and in supplementary  Table S1 . Briefly, cross-sectional, clinical computed tomography (CT) scans of 32 patients (range: 7.0-18.2 years; mean: 13.0 years) with a range of hip diagnoses were obtained. Left and right hips were classified into asymptomatic (n ¼ 21), LCPD (n ¼ 5), or SCFE (n ¼ 8) disease groups by a pediatric orthopedic surgeon (H.S.H.) based on physical and radiographic examination. The asymptomatic hips represented the normal hip during growth, and were sub-classified in four age groups (6-9, 9-12, 12-15, and 15-18 years) corresponding to distinct stages during human postnatal growth. SCFE hips were sub-classified as mild, moderate, or severe slip based on the Southwick angle, 35 a 2-D radiographic measurement used clinically to classify SCFE severity.
Proximal femoral bone surfaces, down to the base of the lesser trochanter, were segmented from the CT scans, and point-to-point correspondences between femurs were defined using statistical shape modeling (SSM) as described previously. 26 As a result of SSM, each proximal femur shape was characterized by 1,000 landmarks (equivalent to approximately one landmark every 4.3 mm across the surface of the largest femur by volume in the dataset), and each landmark corresponded to the same anatomical location across all femurs. The average root mean square error between reconstructed shapes using SSM modes of variation and the actual CT surface locations were 0.79 mm or <1 pixel (see supplementary material), confirming that the SSM-derived landmarks provide an adequate representation of each proximal femur in 3-D.
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Coordinate System A coordinate system was defined for each femur similar to previous methods 36, 37 : the z-axis (supero-inferior) was defined as the femoral shaft axis, the y-axis (antero-posterior) as the cross product of the shaft and neck axes, and the x-axis (medio-lateral) as the cross product of the y-and z-axes. Thus, the x-z plane contained both the femoral shaft and neck axes.
Growth Plate Metrics GP epiphyseal surfaces of the femoral head and greater trochanter were segmented from CT scans and exported as point clouds. For each GP, position and direction were determined as the centroid of the point cloud and the normal vector to a least-squares best-fit plane, respectively. GP angles were defined in spherical coordinates, theta (u) and phi (f) angles, with þu indicating the angle in the x-y plane in the anterior direction with respect to the x-axis, and þf indicating the angle from the positive z-axis in the inferior direction (Fig. 1A) . For patients in which the epiphysis had fused, the GP surface was defined at and represented the epiphyseal line.
Displacement and Strain Metrics
Magnitudes of surface displacement were calculated as the distance between corresponding landmarks. Displacements were defined as positive if they occurred in the direction of the outward surface normal vector (Fig. 1B) .
Surface area strains were calculated as the percent difference in area of each surface patch (Fig. 1C) . Corresponding surface patches between age and disease groups were small in area and assumed to be subsets of parallel planes; thus, surface strains were determined in 2-D. The two-dimensional components of Green's strain 38 E ij were calculated from ds 2 -ds 0 2 ¼ 2E ij dX i dX j for i,j ¼ 1:2, where ds 0 2 ¼ dX i dX j is the squared segment length of a pair of landmarks at the first age point, and ds 2 is the squared length at the second age point. Principal strains and directions were calculated from the Green's strain components.
The magnitudes of displacement and strain were plotted on the 3-D triangulated surfaces of the femur as color maps. For surface strains, the directions of principal strains were illustrated in addition to the magnitudes. A unit circle was generated for each surface patch and deformed in the principal directions by the principal strains E 1 and E 2 to illustrate strain patterns. An ellipse, therefore, indicated anisotropic growth strains, while a circle indicated uniform growth strain.
Analysis of Growth in Asymptomatic Femurs
To first illustrate the normal biomechanical growth characteristics of the proximal femur, deformations of the femoral head and the greater trochanteric epiphyses were calculated between the different age groups of asymptomatic femurs. Because expansion of the proximal femoral surface is controlled by three different GPs with varying rates of growth, surface displacements were only calculated for those landmarks above each GP. Femurs were aligned at the centroid of the femoral head and greater trochanteric GPs, separately, to determine the respective displacement on the epiphyseal side. The femoral neck GP could not be identified on the CT imaging, and therefore age-based displacements in that region were not analyzed. Surface strain rates were determined across the entire proximal femur between age groups.
To obtain the overall displacement and strain rates across all ages, displacements and strains for individual femurs were calculated with respect to the youngest femur. To determine differences between age groups, displacement and strain rates were calculated between the average shapes of consecutive age groups and mapped onto the shape of the younger age group. Each age group was subsequently referred to by the average age for simplicity (e.g., the 6-9 y.o. group was referred to as 7.5).
Age-Adjustment for Disease Comparisons
To quantify displacement and strain in LCPD and SCFE, all femurs were normalized to age to account for differences in size and shape due to normal growth. 26 This technique is similar in principal to age-matching patients between groups, but is accomplished digitally based on modes of variation and associated statistical shape parameters from the SSM model. Assuming femoral shape changes in this population are due to either age-based growth or disease, normalization to age minimizes age-related changes and isolates disease-based changes. It is assumed that these deformations represent growth, since load-induced, elastic deformations of bone are minimal (see supplementary materials).
SSM modes of variation that varied with age in the asymptomatic samples were first identified. The parameters associated with those modes were adjusted to that of 12 years (the mean age of asymptomatic samples). New landmarks for each femoral shape were then reconstructed based on the age-adjusted parameters and SSM model. 26 After normalizing to age, remaining differences in shape are assumed to be attributed to disease.
Analysis of Disease in LCPD and SCFE Femurs
Following normalization to age, an average asymptomatic femur shape (subsequently referred to as the reference femur) was calculated based on average landmarks from all asymptomatic, age-adjusted femurs, and used to as the baseline to calculate changes due to disease. LCPD and SCFE femurs were aligned to the reference femur based on the shaft region. Displacement and strains were determined, as described above, between the average shape of each disease group and the reference femur, and mapped onto the shape of the disease group.
Statistics
Statistical analyses were performed using SPSS Statistics 21 (IBM, Armonk, NY). Correlations between displacement and age, and area strain and age, were determined by linear regression. Displacements and strains for each disease group were compared to a value of 0 by a 1-sample Student's t test. GP angles for each disease group were compared to asymptomatic femurs by a Student's t test assuming unequal variances. All data were normally distributed based on the Shapiro-Wilks test for normality and quantile-quantile plots. 39 Data are described by mean AE standard error of the mean (SEM) except where indicated.
RESULTS
Normal Development of the Femur Differences in femoral shape during normal development were characterized to serve as a baseline for understanding disease morphology.
Individual femur data were first plotted with age to understand general trends of displacement and strain. The volumetric scaling factor of the asymptomatic proximal femur increased linearly with age at a rate of 5.3% per year from 6 to 18 years (R 2 ¼ 0.75, p < 0.001; Table 1 ). The overall displacement rates of the femoral head and greater trochanter epiphyses, when averaging all points in those regions, were also relatively constant at 0.8 mm per year, although displacement rates tended to be higher between 10.5 and 13.5 years (femoral head, 1.1 mm per year; greater trochanter, 1.5 mm per year; Fig. 2A ). Surface strain rates were also consistent with age, but differed by site (Fig. 2B) . Strain rates from 6 to 18 years were 16.1%, 13.4%, and 20.6% per year for the femoral head, neck, and greater trochanter, respectively, with the latter two being significantly different (p ¼ 0.02).
To better understand site-specific shape differences with age, femurs within each age group were averaged, and displacement rates, strain rates, and changes in GP orientation were determined between consecutive age groups (Fig. 3) . Growth of the femoral head was relatively uniform, while growth of the greater trochanter was site-specific, with associated changes in GP orientation. Within the femoral head region, displacement rates were consistent across the surface, and the femoral head GP normal vectors were oriented similarly across age groups (u ¼ À8.6 AE 1.7˚; f ¼ 22.6 AE 0.5˚; Fig. 3A-C, Table 1 ). Within the greater trochanter, displacement rates were highest at the apex, and GP vectors pointed increasingly posteriorly with increasing age (p ¼ 0.004).
Based on the strain maps ( Fig. 3D-F) , maximum strains at each age group were clustered around the apices of the greater and lesser trochanters. Principal strain directions also varied with age and site. Between 7.5 and 10.5 years, the intertrochanteric surfaces were stretched with maximum principal strains parallel to the intertrochanteric ridge (Fig. 3D) , between 10.5 and 13.5 years, the surfaces were stretched in the mediolateral direction (Fig. 3E) , and between 13.5 and 16.5 years, the same areas (Fig. 3F ). In contrast, maximum femoral neck strains were oriented in the mediolateral direction from 7.5 to 13.5 years ( Fig. 3D and E) , and aligned along the neck-shaft axis between 13.5 and 16.5 years (Fig. 3F ). Femoral head surfaces dilated isotropically at all ages.
Legg-Calve-Perthes Disease
To determine shape differences due to disease, femurs were normalized to age using SSM modes of variation, and the average shapes in each disease category were compared to the asymptomatic reference femur. In LCPD femurs, displacements, and strains at the femoral head were significantly different from 0, with the femoral head GP vector oriented significantly differently from the asymptomatic reference femur (Fig. 4A) . The femoral head surface was displaced by an average of 15.1 AE 2.7 mm (p ¼ 0.001), and the GP vector was oriented anteroinferiorly compared to the reference femur (reference, u ¼ À8.6 AE 2.7, f ¼ 22.5 AE 0.9˚; LCPD, u ¼ 18.4 AE 5.8, f ¼ 39.9 AE 3.1˚; each, p < 0.01). The average femoral head surface strain was 17.8 AE 6.8% (p ¼ 0.02; Fig. 4E ), with the majority of strain occurring in the anterosuperior region of the femoral head.
Displacements at the greater trochanter and femoral neck were also significantly different from 0 (4.7 AE 1.3 mm and 8.2 AE 1.1 mm, respectively; each, p < 0.05; Fig. 4A ). The GP vector of the greater trochanter tended to be oriented anterosuperiorly, but was not significantly different. Surface strains at the greater trochanter were minimal, while strains at the femoral neck were large (9.5 AE 1.6%; p < 0.001; Fig. 4E ). Principal strains were oriented circumferentially around the neck axis and highest average strains occurred at the superior neck.
Slipped Capital Femoral Epiphysis
In SCFE femurs, displacement of the femoral head were significantly different from 0 and tended to increase with severity of slip, while strains remained minimal. Femoral head displacements increased from 5.2 AE 0.9 mm to 19.0 AE 3.4 mm between mild and severe SCFE (Fig. 4B-D) . Femoral head GP angles were increasingly posterior and inferior with severity of slip, and moderate and severe SCFE were significantly different from the reference femur (each, p < 0.05; Table 2 ). At the femoral head, strain was minimal regardless of SCFE severity (Fig. 4F-H) .
Femoral neck displacements increased from 2.9 AE 0.3 mm to 7.5 AE 1.2 mm for mild to severe SCFE (each, p < 0.05; Fig. 4B and D) . In mild SCFE, the femoral neck surface was significantly contracted (À6.2 AE 1.6%; p < 0.0001), and tended to be dilated in severe slips (6.1 AE 6.9%). Large anisotropic strains were evident at the posterior head-neck junction in severe SCFE hips (Fig. 4H) .
Displacements at the greater trochanter were significantly different from zero for all SCFE severities (each, p < 0.05) and tended to increase with severity ( Fig. 4B-D) . Strains also tended to increase with severity of slip and were anisotropic (Fig. 4F-H) . At the posterosuperior ridge of the greater trochanter, maximum principal strains were in the mediolateral direction.
DISCUSSION
This study illustrates the applicability of statistical shape modeling to delineate data-driven shape and deformation parameters both during normal growth and in the pediatric hip disorders LCPD and SCFE. The study builds upon the previous SSM shape analyses by introducing a novel technique to: (i) normalize and isolate shape changes due to growth versus disease and (ii) determine growth-and diseaserelated displacement and strain metrics for subjects where longitudinal imaging may not be available. Development of the normal proximal femur was characterized by site-specific growth metrics (volumetric scaling, displacement, strain rates, GP normal vectors). In disease, LCPD and SCFE femurs exhibited site-specific deformations and anisotropic strains relative to size-and age-adjusted asymptomatic femora, with associated differences in GP vectors, providing insight into the mechanobiology of disease. The metrics of the developing adolescent proximal femur elucidate regional and coordinated tissue deformations that are useful for understanding disease manifestations and the development of novel therapeutic interventions.
The SSM-biomechanics metrics of displacement and strain are two complementary indices that allow a better understanding of shape changes in disease in the context of continuum mechanics. The progression of LCPD and SCFE shape deformities has been extensively described in 2-D from longitudinal radiographic studies. 14, 17, 20, 40 However, quantification of 3-D deformation relative to the normal femur at landmark locations is essential for delineating normal and aberrant growth biomechanics. Displacement maps in the current study depicted the difference in position between the surface of a proximal femur sample and that of a reference femur; they thereby provide tangible local distance measures, useful for planning the reshaping of the proximal femur to that of a normal freely moving hip. In contrast, strain maps quantified the dilation of the surface area and also the directions of strain, providing measurements that are Figure 3 . Displacement and strain rates of the asymptomatic proximal femur with age. (A-C) Displacement rates (colormap) of the femoral head and greater trochanter epiphyses during proximal femur development. Shapes and ages indicated at the top represent the mean within each age group (for example, age group 6-9 years is represented by the mean shape of 7.5 years). Colors are mapped onto the shape of the younger age, with the mesh shape of the older age overlaid on top. Growth plate normal vectors for the femoral head and greater trochanter are indicated as solid magenta lines for the younger group, and black lines for the older group. (D-F) Corresponding strain rates (colormap) and principal strains and directions (ellipse shape and orientation) for each surface patch. Strains were determined as the percentage difference in area with respect to the younger age point over the indicated age interval. Deformations of ellipses are proportional to principal strains. The solid line within each ellipse indicates the direction of maximum strain.
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useful for understanding and modeling in vivo forces. Previous studies have shown that strain magnitude and orientation both play a role in bone remodeling and adaptation in disease. [41] [42] [43] Since beginning stages of disease such as mild SCFE are often difficult to detect due to very small changes in shape, 44 identifying areas of abnormal strains may allow for earlier diagnosis and prevention of disease. Finally, changes to GP orientations have been associated with changes in tensile and shear stresses within the joint, which can affect the direction and amount of tissue growth. [45] [46] [47] [48] Together, these metrics characterize the coordinated shape developments within the joint and elucidate the in vivo biomechanics during health and in disease.
The analyses of surface displacements and strains were dependent on the anatomical correspondence between landmark coordinates of samples defined during atlas construction and SSM. In addition, LCPD femoral shape is highly dependent on the etiology and stage of disease, and an averaged LCPD shape may not be realistic or representative of any one patient. Only the proximal femoral shape was included in the study, which may limit extension of study results to the whole joint. Even with these limitations, significant differences between asymptomatic and diseased hips were observed.
This study provides quantitative evidence to support and advance the current clinical understanding of normal femoral shape development. While the volumetric scaling factor of the asymptomatic femurs increased linearly with age, site-specific displacement and strain rates were observed. During normal growth, displacements were uniform around the femoral head, with strains relatively isotropic and randomly oriented, consistent with what is expected for a spherical joint surface. In this study, the average 3-D displacement rate at the femoral head between 6 and 18 years old was 0.8 mm per year. Assuming isotropic displacement around the femoral head, this would be equivalent to an epiphyseal breadth growth rate of 1.6 mm per year, similar to previously reported values of 1.9 AE 0.1 mm per year between 5 and 15 years calculated from frog-leg AP x-rays 17 . The femoral head GP normal vector angle f in this study did not vary significantly with age ($22˚), in contrast to previously reported equivalent angles measured from x-rays ranging from $20˚to 30˚from 5 to 18 y.o. Differences may be in part due to 2-D versus 3-D analysis techniques, as previous x-ray measurements were determined by manually best-fitting a line to the 2-D projection of the physeal plane, which is not necessarily representative of the 3-D orientation.
In contrast to the growth of the femoral head, the greater trochanter region in asymptomatic femurs showed non-uniform displacement rates within the region (highest at the apex), with strain directions varying with age, providing insight into the in vivo forces that shape the joint during development. During growth, the normal vector of the greater trochanteric GP moved posteriorly, which coincided with the region with the highest surface displacements at the posterior greater trochanter. As the greater and lesser trochanters are sites of attachment for a number of muscles, 50 abnormal strains in these regions may be indicative of changes in the muscle lever arm length that contribute to altered biomechanical loads and ultimately shape changes in the joint. The growth metrics of asymptomatic femurs provided baseline values against which abnormalities in disease could be compared.
The results of this study also provide insight into surface displacements and strains in LCPD and SCFE. In LCPD, the average displacement was substantial in the femoral head (15.1 AE 2.7 mm), the greater trochanter (4.7 AE 1.3 mm), and the femoral neck (8.2 AE 1.1 mm). These results are consistent with descriptions of LCPD in the literature, 20, 22, 40 but additionally provide quantitative, region-specific displacement values that may be useful as guidelines for surgical bone resection. Within the anterosuperior femoral head region of LCPD femurs, maximum strains were in the anterolateral to posteromedial directions, quantitatively supporting the idea that material within LCPD femoral heads flow towards regions of lower pressure. 51, 52 In LCPD femurs, the femoral head GP normal vector was oriented more anteromedially compared to the control group, and the largest surface strains were also observed in the anteromedial femoral head, which suggests coordinated involvement of the GP during disease.
In SCFE, the femoral head GP vector became increasingly posterior and inferior with severity, and the femoral head showed large displacements with little strain, corresponding to literature describing vertically inclined, slipped physes. 19, 53 The femoral head GP angle f ranged from 47.5 to 64.7˚in moderate to severe SCFE, similar to the average equivalent angle of $53˚for 10-12 y.o. in the literature. 19 Interestingly, the femoral neck of mild slips was significantly contracted relative to the asymptomatic femur, which suggests another biomechanical weakness in the femur besides the physis. In severe slips, the femoral neck surfaces were dilated, with compressive strains in the posterior neck along the neck axis and tensile strains in the circumferential direction (Fig. 4H) , possibly due to posterior bending of the femoral neck. With increasing severity of slip, the greater trochanter and intertrochanteric ridge was dilated and stretched in the medio-lateral direction. While not significant, the greater trochanteric GP tended to be posteriorly oriented relative to the asymptomatic femur, and large strains were observed at the posterior intertrochanteric ridge. Together, these results suggest that the apparent overgrowth of the greater trochanter in SCFE is not simply due to growth arrest of the femoral head, but likely also involves compensatory growth of the greater trochanteric epiphysis driven by local biomechanical forces.
In conclusion, this study quantified 3-D deformations relative to the normal growth of the femur in two # Growth plate angles with respect to the x-axis (u) and z-axis (F).
common pediatric hip disorders, LCPD and SCFE. Measures of displacement and strain contribute to the understanding of the mechanobiology of the femoral head, neck and trochanters, and elucidate the need for quantitative measures as well as coordinated efforts to observe GP orientations. Long-term outcomes of LCPD and SCFE are dependent on the ultimate shape and congruence of the joint, and 3-D metrics are ideal for characterizing and evaluating these differences in shape. Future directions include analyzing the articular-epiphyseal cartilage complex during development, and evaluating the utility of shape metrics for early diagnosis of disease.
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